Introduction (Fas II) and the potassium channel Shaker both contain -S/T-X-V sequences at their C termini (Kornau et al., The precise localization of proteins at the pre-and post-1995), identifying them as proteins that could interact synaptic membranes is required for the fidelity and plaswith PDZ domains. Interestingly, both proteins are ticity of synaptic transmission. Transmitter release maknown to localize at the synapse of the Drosophila neuchinery must be positioned at the presynaptic active romuscular junction (NMJ; Schuster et al., 1996a ; Tejezones, poised to release neurotransmitter in response dor et al., 1997) . Although there is evidence for the interto changes of membrane potential. Rapid response to action of Shaker with a PDZ-containing protein (Tejedor chemical transmitter requires spatial localization and et al., 1997) , there is no such evidence for Fas II. The clustering of postsynaptic neurotransmitter receptors.
localization of Fas II to the synapse is essential for synIn addition, ion channels, modulatory receptors, and aptic stabilization and growth, and the regulation of Fas signal transduction machinery all must be precisely po-II levels at the synapse has been shown to control strucsitioned to modulate and integrate synaptic signals relitural plasticity (Schuster et al., 1996a (Schuster et al., , 1996b . Likewise, ably and accurately. It is likely that the ability of proteins the level of Shaker expression at the same synapse to cluster at the synapse is required for other aspects has been implicated in the growth and plasticity of this of synapse formation, stabilization, and growth. Until synapse (Budnik et al., 1990; Zhong et al., 1992) . The recently, the mechanisms by which proteins become presence of PDZ-interaction sequences at the C termini localized at the synapse were largely unknown.
of Fas II and Shaker suggests a possible PDZ-depen-A major insight came with the identification of the dent mechanism for the precise regulation of their localinteraction of PSD-95, a member of the MAGUK family ization and expression levels at the synapse. of membrane-associated guanylate kinases, with the C The MAGUK protein Discs-Large (Dlg; Woods and terminus of NMDA receptors (Kornau et al., 1995) and Bryant, 1991) , a Drosophila homolog of PSD-95, has potassium channels (Kim et al., 1995) . MAGUK proteins been implicated in the clustering of Shaker at the NMJ contain three PDZ domains at their N termini, an SH3 (Tejedor et al., 1997) . These results suggest that the domain, and a C-terminal guanylate kinase domain. The C-terminal PDZ-interaction sequences of Shaker may be PDZ domains are modular protein-protein interaction involved in its synaptic localization and that, by analogy, domains of ‫09ف‬ amino acids each. The presence of similar sequences in Fas II might also control synaptic multiple PDZ domains in a MAGUK protein enables it localization. In order to determine whether these C-terminal sequences are responsible for synaptic targeting, to cross-link membrane proteins and to link them to The extracellular and transmembrane domains of CD8 were used to make the chimeras. For the control CD8 (CD8), a stop codon was inserted directly following the AflIII site, creating a truncated CD8 protein that contains only the CD8 sequences present in the chimeras, terminating six amino acids into the cytoplasmic domain. CD8-Fas II and CD8-Shaker are fusions of CD8 to the full C-terminal sequences of the PEST ϩ isoform of Fas II or to the cytoplasmic C terminus of Shaker. CD8-Fas II 11aa and CD8-Shaker 11aa are fusions to the final 11 amino acids of Fas II (-SGEIIGKNSAV) or of Shaker (-NALAVSIETDV). CD8-Fas II AAE and CD8-Shaker VTD are almost identical to the full C-terminal CD8 chimeras, except that the final three amino acids are altered from SAV to AAE for CD8-Fas II AAE or from TDV to VTD for CD8-Shaker VTD.
we asked whether they are capable of targeting a heterall muscles. Wandering third instar larvae were dissected and stained with a monoclonal antibody to CD8. ologous membrane protein to the synapse. We find that
We observed a strong concentration of staining at the the C-terminal sequences of Fas II and Shaker are both synaptic boutons for CD8-Shaker and CD8-Fas II but necessary and sufficient for targeting to the subsynaptic not for CD8 (Figures 2A-2C ). Electron micrographs using muscle membrane at the larval NMJ of Drosophila. This anti-CD8 antibodies and horseradish peroxidase (HRP) localization depends on Dlg and can be accounted for immunocytochemistry confirmed this result and showed by an active clustering or selective retention of the prothat CD8-Fas II and CD8-Shaker are concentrated in the tein at the synapse.
SSR ( Figures 2D-2F) . Thus, the C-terminal sequences of Fas II and Shaker are sufficient to direct synaptic Results localization. Although much lower than the synaptic levels of CD8-
C Termini of Fas II and Shaker Direct
Fas II and CD8-Shaker, a small amount of bouton stainSynaptic Localization ing was apparent for CD8. We suspect that this is due In order to test whether the C-terminal sequences of to the concentration of postsynaptic membrane in the Fas II and Shaker are sufficient to direct synaptic local-SSR. If a protein is uniformly distributed throughout the ization, we constructed a series of chimeric molecules muscle membrane, including in the SSR layers, then one with the human T lymphocyte membrane protein, CD8
would expect to see a concentration of staining at the (Littman et al., 1985) , which is not normally expressed boutons. Consistent with this idea, in first instar larvae, in nerve or muscle (Figure 1 ). The extracellular and transwhere the SSR is composed of one or only a few layers membrane domains of CD8 were fused to the C-terminal of membrane, there was no concentration of the control cytoplasmic domains of Shaker (CD8-Shaker) or Fas II CD8 protein at the boutons ( Figure 3B ). In contrast, there (CD8-Fas II). A control CD8 construct (CD8) was engiwas a strong concentration of CD8-Shaker and CD8-neered to include solely the CD8 sequences present in Fas II at the boutons of first instar larvae (Figures 3A, the chimeric molecules by introducing a stop codon at 6A, and 6C). the site of fusion, creating a truncated CD8 protein that
The muscles of third instar Drosophila larvae are innerterminates six amino acids into the cytoplasmic domain.
vated by synaptic terminals of two major types (JoThese molecules were placed under the control of the hansen et al., 1989) . Type I synapses have larger bou-UAS promoter (Brand and Perrimon, 1993) and transtons containing glutamate-filled vesicles, while type II formed into flies.
synapses have small boutons containing a variety of We examined synaptic localization of the chimeric CD8 vesicles, including those with dense cores (Atwood et constructs at the postsynaptic membrane of the Droal., 1993) . We observe localization of our CD8 chimeras sophila NMJ, referred to as the subsynaptic reticulum at type I boutons and not at type II boutons. This is (SSR), which is composed of multiple layers of elaboconsistent with the observed localization for the endogrately folded muscle membrane surrounding the presynenous Shaker protein (Tejedor et al., 1997) Anti-CD8 immunocytochemistry at 1:500 dilution of the CD8 antibody. Muscle expression of CD8 chimeras is driven in first instar larvae by 24B-GAL4. (A) CD8-Shaker is concentrated at the synaptic boutons. (B) CD8 is not concentrated at the synaptic boutons. The slight background bouton staining seen in third instar larvae is not observed here, consistent with the undeveloped subsynaptic reticulum in first instar larvae. (C) Animals that do not express a transgene show no muscle-membrane staining with the CD8 antibody.
that CD8-Shaker is more concentrated at the boutons than is CD8-Fas II. This was true in third instar larvae, where smaller type Is boutons were difficult to detect with staining for CD8-Fas II (Figure 2A ) but not for CD8-Shaker ( Figure 2B ), as well as in first instar larvae (FigFigure 2 . C-Terminal Sequences of Fas II and Shaker Direct Synapures 6A and 6C). We quantitated the differential localizatic Localization tion of these two constructs in third instar larvae using Muscle expression of CD8 chimeras is driven in third instar larvae fluorescent secondary antibodies and confocal microsby MHC-GAL4, which expresses in all muscles.
copy (see Experimental Procedures). The targeting effi-(A-C) Anti-CD8 immunocytochemistry at 1:500 dilution of the CD8 ciency for CD8-Shaker was 7.6 Ϯ 0.2, significantly antibody. CD8-Fas II (A) and CD8-Shaker (B) are concentrated at higher than the value of 2.2 Ϯ 0.2 found for CD8-Fas II the synaptic boutons, whereas CD8 (C) is not. 
Are Sufficient to Direct Synaptic Localization
There is considerable evidence that PDZ interactions are The relative efficiency of localization of the two chimeric proteins to the synapse is not the same. We observe directed by a relatively small number of protein-protein Anti-CD8 immunocytochemistry at 1:500 dilution of the CD8 antibody. Muscle expression of the CD8 chimeras is driven in third instar larvae by MHC-GAL4. CD8-Sh 11aa (A) is concentrated at the synaptic boutons, whereas CD8 (B) is not. CD8-Fas II 11aa (C) is also concentrated at the synaptic boutons, though at a lower level than CD8-Shaker. Animals that do not express a transgene show no muscle-membrane staining with the CD8 antibody (D).
contacts (Doyle et al., 1996) . Therefore, we tested concentration of CD8-Shaker and CD8-Fas II at the synaptic boutons is abolished when the final three amino whether these final amino acids are sufficient to direct synaptic localization of the heterologous CD8 protein acids are altered to destroy interaction with PDZ domains ( Figure 5 ). Instead, CD8-Fas II AAE and CD8-Sh to the NMJ in vivo.
Chimeras were constructed between CD8 and the fi-VTD are uniformly expressed on the muscle membrane (Figures 5C and 5G) . Animals that do not express a nal 11 amino acids of Shaker (CD8-Sh 11aa) or of Fas II (CD8-Fas II 11aa). As for the entire C-terminal fusions, transgene show no muscle-membrane staining with the CD8 antibody (data not shown). Similar results were CD8-Sh 11aa and CD8-Fas II 11aa were localized to the synaptic boutons of third instar larvae, and the synaptic obtained in first instar larvae (data not shown). Thus, the PDZ-interaction domains of Fas II and Shaker are concentration of CD8-Sh 11aa was stronger than that for CD8-Fas II 11aa ( Figures 4A and 4C ). Although statisnecessary for their localization to the synapse. tically significant above background levels for CD8 alone (p Ͻ 0.0001; Figure 4B ), the concentration of the 11aa
Dlg Is Required for Synaptic Localization chimeras at the boutons was not as strong as that obof CD8-Fas II and CD8-Shaker served for the chimeras containing the entire C-terminal
The dependence of CD8-Shaker and CD8-Fas II localsequences ( Figure 2 ). The targeting efficiency of CD8-Sh ization on the C-terminal -S/T-X-V sequences suggests 11aa was 1.69 Ϯ 0.07, and that for CD8-Fas II 11aa was that the synaptic localization process requires an inter-1.44 Ϯ 0.04 (as compared to 7.6 Ϯ 0.2 for CD8-Shaker action with a PDZ-containing protein. In Drosophila, a and 2.2 Ϯ 0.2 for CD8-Fas II, reported above). Therefore, good candidate for such a protein is Dlg. Using the we conclude that although the final 11 amino acids of yeast two-hybrid assay, we observed a direct interaction Shaker and Fas II are sufficient to direct synaptic localbetween the C-terminal sequences of both Fas II and ization, they are not nearly as effective as the entire C Shaker and the PDZ domains of Dlg (data not shown). termini at concentrating CD8 at the synaptic boutons.
These interactions were disrupted upon alteration of the final three amino acids from TDV to VTD for Shaker or from SAV to AAE for Fas II. In addition, an earlier study C-Terminal Three Amino Acids of Fas II and Shaker Are Necessary showed that the clustering and localization of endogenous Shaker protein are disrupted in third instar dlg for Synaptic Localization Since the entire C termini of Fas II and Shaker are more mutant larvae (Tejedor et al., 1997) . However, this result on its own is difficult to interpret, since Dlg is required effective at directing synaptic localization than the last 11 amino acids, which contain the PDZ-interaction mofor normal synaptic bouton structure in third instar larvae (Lahey et al., 1994) . Is the absence of Shaker localization tif, it is possible that other portions of the C termini are involved in synaptic targeting. We tested whether the due to a requirement for an interaction with Dlg, or is it secondary to the disruption of normal bouton structure terminal consensus PDZ-interaction sequence (-S/T-X-V) is necessary for synaptic localization. Two new chimein third instar dlg mutant larvae? To get around this problem, we examined the localization of CD8-Shaker ras were constructed that are essentially identical to the CD8-Shaker and the CD8-Fas II chimeras, except that and CD8-Fas II in first instar dlg mutant larvae, where we found that the synapse looks normal. the last three amino acids are altered. To insure disruption of PDZ interactions, we mutated both the S/T at CD8-Shaker and CD8-Fas II were concentrated at the synaptic boutons of first instar dlg/ϩ heterozygous position Ϫ2 and the C-terminal valine. The final three amino acids of CD8-Shaker were scrambled from T-D-V larvae ( Figures 6A and 6C ), as expected. In dlg mutant first instar larvae, the localization of CD8-Shaker and to V-T-D (CD8-Sh VTD), and the final three amino acids of CD8-Fas II were altered from S-A-V to A-A-E (CD8-CD8-Fas II was lost ( Figures 6B and 6D) . Instead, the protein was diffusely and uniformly distributed across Fas II AAE).
Expression of CD8-Sh VTD and CD8-Fas II AAE was the muscle membrane. The neuromuscular synapses of the dlg mutant first instar larvae were found to be intact, driven in third instar larvae. Double staining with the CD8 antibody and synaptotagmin revealed that the strong as evidenced by normal synaptotagmin staining (Figure is not localized to the synaptic boutons; instead, it is distributed uniformly on the muscle membrane. (E and F) CD8-Fas II with a wild-type C-terminal PDZ-interaction domain (SAV) is localized to the synaptic boutons.
(G and H) CD8-Fas II with a disrupted PDZ-interaction domain (AAE) is no longer localized to the synaptic boutons; instead, it is uniformly distributed on the muscle membrane. 6F). Thus, the uniform expression observed for CD8-CD8-Shaker Uniformly Distributes on the Muscle Membrane Prior to Concentrating Shaker and CD8-Fas II in the dlg mutants indicates a loss of localization, despite the presence of normal synat the Synapse Models for the mechanism by which synaptic localizaapses in the mutant larvae. These results demonstrate that Dlg is required for synaptic localization of CD8-tion is accomplished can be divided into two major categories: (1) direct synaptic targeting or (2) uniform memShaker and CD8-Fas II. This result is supported by the observed localization of the CD8 chimeras to type I and brane targeting followed by active clustering or selective retention at the synapse. A direct synaptic-targeting not to type II boutons. Because endogenous Dlg is localized exclusively to type I boutons (Lahey et al., 1994) , model involves a vesicular-mediated synaptic-targeting event that carries the proteins on a path directly from it follows that any protein that is localized exclusively in a Dlg-dependent manner must also be localized only the ER/Golgi to the subsynaptic reticulum. The second model involves a uniform targeting pathway to the musto type I boutons.
In dlg mutants, we observe that the localization of cle membrane, followed either by an active recruitment to the synapse or by a selective retention at the synapse endogenous Fas II to the synapse is not lost, although the levels appear lower than at wild-type synapses (data through stabilizing interactions with synapse-specific proteins. In an attempt to distinguish between these two not shown). It is not surprising that Fas II persists at the synapse for two reasons. First, there is presynaptic Fas possibilities, we performed a "pulse-chase" experiment to examine the pathway that CD8-Shaker follows to the II expression, and at the light level it is not possible to distinguish pre-from postsynaptic expression. Second, synapse. A heat shock promoter driving GAL4 expression was the Fas II molecule self-clusters in a homophilic fashion if it is expressed on opposing cell surfaces (Grenningloh used to promote a pulse of CD8-Shaker expression during different stages of larval development. The expreset al., 1991). Therefore, even without Dlg, some Fas II may cluster at the synapse simply due to homophilic sion pattern was monitored in third instar larvae at specific time points after the heat shock by staining with binding between pre-and postsynaptic Fas II. synaptic boutons ( Figure 7C ). After six days, membrane staining was again low, whereas bouton staining remained high ( Figure 7D ). Thus, initially the CD8-Shaker protein was uniformly distributed on the muscle membrane, and this distribution was followed by concentration at the synapse. These results do not support a direct synaptic-targeting model, but they are consistent with a model of uniform membrane targeting followed by active clustering or selective retention at the synapse.
To control for possible abnormalities due to heat shock, we performed a similar experiment using two muscle-specific promoters that promote GAL4 expression at different times during development. Expression of CD8-Shaker by 24B-GAL4, which drives expression very early in myoblasts, even before muscle fusion occurs (Luo et al., 1994) , resulted in dark bouton staining in early first instar larvae ( Figure 6A ). However, when CD8-Shaker expression was driven by MHC-GAL4, which promotes expression beginning in early first instars, a uniform light muscle staining was observed in first instar larvae, with no concentration at the synaptic boutons (data not shown). These results further support a model whereby synaptic membrane proteins are initially uniformly distributed throughout the muscle mem- a role for a PDZ-containing protein, such as Dlg, in localizing these proteins to the synapse. We provide genetic and biochemical support for such a role by demonthe CD8 antibody. Seven hours following heat shock, strating that localization of the CD8 chimeras is lost expression of the CD8-Shaker protein was low and was in a dlg mutant background and that the C-terminal uniformly distributed over the muscle membrane ( Figure  sequences of Fas II and Shaker directly interact with the 7B). Three days following heat shock, the protein expression was high both on the membrane and at the PDZ domains of Dlg. Finally, we use transient expression Figure 7 . Uniform Muscle Membrane Expression Is Followed by Concentration at the Synapse A heat shock promoter driving GAL4 expression was used to promote a pulse of CD8-Shaker expression during different stages of larval development. Animals were heat shocked for a total of 4 hr at 37ЊC and then were allowed to develop at 18ЊC. The expression pattern in third instar larvae was monitored at specific time points after heat shock by CD8 immunocytochemistry at a 1:100 antibody dilution.
(A) Control animals 7 hr after heat shock show no CD8 immunoreactivity. (B) Seven hours after heat shock, CD8-Shaker is uniformly distributed over the muscle membrane, and no bouton staining is observed. (C) Three days after heat shock, CD8-Shaker is present at high levels on the muscle membrane and at the synaptic boutons. (D) Six days after heat shock, membrane staining is much lower, whereas staining at the synaptic boutons remains at high levels. studies to show that these proteins first distribute unitruncated dlg m52 allele, which contains the N-terminal sequences and the PDZ 1-2 domains (Woods et al., formly on the muscle membrane and then concentrate at the synapse over time.
1996). However, despite this interaction, the truncated protein is unable to direct or stabilize synaptic localization of Fas II and Shaker. This failure may be due to an PDZ Interactions Direct Synaptic Localization inability of the truncated Dlg protein to localize to the The ability to direct an unlocalized protein to the synapse synapse. positively identifies the C termini of Fas II and Shaker as synaptic-targeting signals. Aside from the terminal Synaptic Targeting by Active Clustering PDZ-interaction motif (-S/T-X-V), the C-terminal seor Selective Retention quences of Fas II and Shaker are not related. We thereWe considered two general models for the mechanism fore propose that the C-terminal PDZ-interaction doof synaptic localization: (1) direct synaptic targeting or main directs synaptic localization of Fas II and Shaker.
(2) uniform membrane targeting followed by active clusIndeed, we have shown that alteration of two amino tering or selective retention at the synapse. We have acids in the PDZ-interaction motif completely eliminated shown that following a pulse of protein expression, the targeting in both cases, demonstrating that the PDZ-CD8-Shaker protein is initially distributed uniformly on interaction domain is necessary for synaptic localizathe muscle membrane, followed by concentration at the tion. Previous studies have shown that the absence of synapse. These results do not support a direct synapticthe C-terminal sequences of Shaker in Sh 102 mutants targeting model in which a vesicular-mediated synapticresults in no detectable Shaker protein at the NMJ (Tejetargeting event carries the proteins directly from the ER/ dor et al., 1997). However, in addition to the absence of Golgi to the subsynaptic reticulum. If this were the case, the entire C-terminal region, these mutants are missing one would expect first to see dark staining at the bouthe pore region and the final transmembrane domain.
tons, possibly followed by a spillover onto the muscle Here, we demonstrate that the three amino acid PDZmembrane due to overexpression. We cannot rule out interaction consensus motif is absolutely required for the possibility that a direct targeting to the synapse is the synaptic localization of these proteins.
more time consuming than a general targeting to the We then show that the final 11 amino acids of Shaker muscle membrane, and therefore if the heat shock proand Fas II are sufficient to direct synaptic localization moter drives protein expression at much higher levels in vivo in third instar larvae. Thus, we provide further than endogenous promoters for synaptic proteins, we evidence that the C-terminal PDZ-interaction domain would observe muscle membrane distribution before directs synaptic localization of Fas II and Shaker. Howbouton concentration, despite an intact direct-targeting ever, the synaptic localization of the 11aa chimeras is mechanism. However, because the results obtained usnot as efficient as that directed by the entire C-terminal ing the endogenous MHC promoter are consistent with sequences. We conclude that the C-terminal 11 amino the results obtained using the heat shock promoter, we acids of Fas II and Shaker contain information sufficient feel that this is unlikely. to direct synaptic localization but that the efficiency of Instead, our results are consistent with the second this process depends upon other factors. Perhaps other model of uniform membrane targeting followed by active proteins interacting with Dlg hold it distant from the clustering or selective retention at the synapse. An acmembrane and unable to reach the short, 11 amino acid tive-clustering model would involve a mechanism to retail of the CD8 chimeras. Alternatively, it is possible that cruit proteins already positioned on the muscle memadditional protein interactions strengthen the synaptic brane to the synapse. A selective-retention model would localization process and that these interactions are diinvolve a process whereby proteins improperly posirected by sequences outside the PDZ-interaction motif.
tioned in the muscle membrane are degraded, whereas In fact, in vitro clustering in COS7 cells of the Shaker proteins at the synapse are stabilized through proteinchannel by Dlg is extremely weak, observed in only 5%-protein interactions with synapse-specific proteins. Be-10% of cotransfected cells, indicating a possible recause Dlg is localized to the Drosophila NMJ and is quirement for an additional factor (Tejedor et al., 1997) .
required for the synaptic localization of Shaker and Fas Whatever the role of these other portions of the targeted II, we propose that interactions with Dlg either actively proteins, or of additional factors, they only function cluster or selectively stabilize Fas II and Shaker at the when the PDZ-interaction sequence is intact.
synapse. We have provided genetic support for a role of PDZ interactions in directing synaptic localization of Fas II and Shaker by demonstrating that localization of CD8-A Role for PDZ Interactions in Synaptic Plasticity and Synapse Formation Fas II and CD8-Shaker is lost in dlg m52 mutant larvae. Instead, the proteins are diffusely and uniformly distribActivity-dependent down-regulation of Fas II levels at the synapse has been shown to control structural plasuted across the muscle membrane. Thus, Dlg either plays an active role in recruiting Fas II and Shaker to ticity (Schuster et al., 1996a (Schuster et al., , 1996b ). In addition, the level of Shaker expression has been implicated in plasticity of the synapse or a passive role in stabilizing these proteins once they arrive at the subsynaptic membrane. Using the synapse (Budnik et al., 1990; Zhong et al., 1992) . The presence of PDZ-interaction sequences at the C the yeast two-hybrid assay, we observed that the C-terminal sequences of Fas II and Shaker directly intermini of Fas II and Shaker suggests a possible PDZdependent mechanism for regulation of their localization teract with the PDZ domains 1-2 of Dlg. Therefore, CD8-Fas II and CD8-Shaker should still interact with the and expression levels. If interactions with Dlg stabilize Fas II and Shaker at the synapse, as proposed above, proteins, permitting their interaction and coordination in the control of synaptic transmission and plasticity. one mechanism to regulate the levels of Fas II and Shaker could be through regulation of this interaction. Such a regulation has been demonstrated for the in- apse by integrating information about synaptic structure and chemical transmission via the connection of adhe-
Confocal Quantitation
Experimental and control animals were stained under identical con- -F. (1993) . Differential ultrations each averaged eight times) that included the brightest bouton structure of synaptic terminals on ventral longitudinal abdominal and muscle-membrane staining was projected to a single image muscles in Drosophila larvae. J. Neurobiol. 24, 1008-1024. using the maximum-intensity method. Using the NIH Image software, boutons were outlined, and mean pixel density was measured Brand, A.H., and Perrimon, N. (1993) . Targeted gene expression as for the included area as well as for a similar area on the muscle a means of altering cell fates and generating dominant phenotypes. surface. Background pixel density was obtained by measuring aniDevelopment 118, 401-415. mals stained in identical conditions that were not expressing the Budnik, V., Zhong, Y., and Wu, C.-F. (1990) . Morphological plasticity CD8 transgene. Background pixel density was subtracted from the of motor axons in Drosophila mutants with altered excitability. J. pixel density values obtained for bouton and muscle. The bouton/ Neurosci. 10, 3754-3768. muscle ratio was then determined by dividing the mean pixel density Chevesich, J., Kreuz, A.J., and Montell, C. (1997) . Requirement for at the boutons by the mean pixel density at the muscle surface.
the PDZ domain protein, INAD, for localization of the TRP storeThe bouton/muscle ratio for each chimera was then divided by the operated channel to a signaling complex. (1997) . Genetic Immunoelectron Microscopy analysis of the molecular mechanisms controlling target selection: Larvae were prepared for electron microscopy according to procetarget-derived Fasciclin II regulates the pattern of synapse formadures previously described (Lin et al., 1994) , with the following modition. Neuron 19, 561-573. fications. Hydrogen peroxide was used instead of glucose oxidase Doyle, D.A., Lee, A., Lewis, J., Kim, E., Sheng, M., and MacKinnon, for the HRP reaction. Larvae were incubated sequentially with MAb R. (1996) . Crystal structures of a complexed and peptide-free mem-OKT8 against CD8 (1:10) for 2 hr, biotinylated goat anti-mouse secbrane protein-binding domain: molecular basis of peptide recogniondary antibody (1:100) for 1-2 hr, and then streptavidin-conjugated tion by PDZ. Cell 85, 1067-1076. HRP (1:100) for 1-2 hr. The HRP development time was 2 min instead Gomperts, S.N. (1996) . Clustering membrane proteins: it's all coming of the standard 10 min. This HRP reaction time was chosen to be together with the PSD-95/SAP90 protein family. Cell 84, 659-662. within the linear range for reaction product generation based upon Grenningloh, G., Rehm, E.J., and Goodman, C.S. (1991) . Genetic a time course of membrane staining for the CD8 control larvae.
analysis of growth cone guidance in Drosophila: Fasciclin II functions as a neuronal recognition molecule. Cell 67, 45-57.
Yeast Two-Hybrid Protein Interaction Assay
Hsueh, Y.P., Kim, E., and Sheng, M. (1997) . Disulfide-linked headThe sequences for the C-terminal 11 amino acids of Shaker and to-head multimerization in the mechanism of ion channel clustering Fasciclin II, with or without the disrupted PDZ-interaction domain, by PSD-95. Neuron 18, 803-814. were synthesized as complementary oligonucleotides and fused to Jan, L.Y., and Jan, Y.N. (1976) . Properties of the larval neuromuscuthe GAL4 DNA binding domain in the pAS2-1 plasmid (Clontech). lar junction in Drosophila melanogaster. J. Physiol. 262, 189-214. To disrupt the PDZ-interaction domain, the final three amino acids Johansen, J., Halpern, M.E., and Keshishian, H. (1989) . Axonal guidwere altered from TDV to VTD for Shaker and from SAV to AAE for ance and the development of muscle fiber-specific innervation in Fas II. The sequences for two or all three PDZ domains of Dlg (amino Drosophila embryos. J. Neurosci. 9, 4318-4332. acids 27-277 for PDZ 1-2, amino acids 27-593 for PDZ 1-3; Woods Kamb, A., Iverson, L.E., and Tanouye, M.A. (1987) . Molecular characand Bryant, 1991) were PCR-amplified and directly fused with the terization of Shaker, a Drosophila gene that encodes a potassium GAL4 activation domain in the pACT2 plasmid (Clontech). Combinachannel. Cell 50, 405-413. tions of experimental and control plasmids containing the GAL4 DNA binding and activation domains were transformed into the yeast Kim, E., Niethammer, M., Rothschild, A., Jan, Y.N., and Sheng, M. strain Y187 (Clontech). ␤-galactosidase activity was determined by (1995) . Clustering of Shaker-type K ϩ channels by interaction with an X-Gal filter lift assay at 30ЊC. a family of membrane-associated guanylate kinases. Nature 378, 85-88.
Kim, E., Cho, K.O., Rothschild, A., and Sheng, M. (1996) . HeteromulHeat Shock Experiments timerization and NMDA receptor-clustering activity of Chapsyn-110, The CD8-Shaker line was crossed to hsGAL4/CyO and flipped daily a member of the PSD-95 family of proteins. Neuron 17, 103-113. to generate a set of vials with larvae at different developmental Kistner, U., Wenzel, B.M., Veh, R.W., Cases-Langhoff, C., Garner, stages. The vials were then exposed to 37ЊC for a period of 1 hr A.M., Appeltauer, U., Voss, B., Gundelfinger, E.D., and Garner, C.C. followed by incubation at 18ЊC for 30 min or 1 hr. This heat shock (1993). SAP90, a rat presynaptic protein related to the product of cycle was repeated three times, for a total exposure of 3-4 hr. The the Drosophila tumor suppressor gene dlg-A. J. Biol. Chem. 268, larvae were then allowed to develop at 18ЊC. Third instar larvae 4580-4583. were dissected from the appropriately staged vial 7 hr after the final Kornau, H.C., Schenker, L.T., Kennedy, M.B., and Seeburg, P.H. heat shock, after 3 days, and after 6 days and stained for CD8 (1995) . Domain interaction between NMDA receptor subunits and immunoreactivity.
the postsynaptic density protein PSD-95. Science 269, 1737-1740.
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